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Distinct effects of ceramide-generating pathways in prostate
adenocarcinoma cells
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1 Ceramide, generated by the hydrolysis of sphingomyelin, mediates the actions of several
cytokines such as tumour necrosis factor-o (TNF-z) interferon-y and interleukin-1§ (IL-18),
including their inhibitory effect on tumour proliferation. We have evaluated the role of ceramide in
the proliferation of prostate cancer by using the human prostate adenocarcinoma LNCaP cell line.

2 Treatment of LNCaP cells with neutral or acidic sphingomyelinase or addition of C8- or C2-
ceramide, two cell permeable analogues of endogenous ceramide, induced a profound inhibition of
cell proliferation. This effect appeared after 24 h, was still present after 72 h of exposure to the drugs
and exhibited concentration-dependency (10-200 and 5-200 mU ml~' for neutral and acidic
sphingomyelinase, respectively, and 1-25 uM for C8-ceramide).

3 The inhibitory effect on cell growth caused by neutral sphingomyelinase and ceramides was
rapidly reversible as LNCaP cells rapidly regained their previous proliferation rate following
withdrawal of the treatment.

4 IL-1p produced profound inhibition of LNCaP cell proliferation and caused enhanced ceramide
formation.

5 No clear features of apoptotic cell death were detectable by either oligonucleosome formation,
cytofluorimetric analysis or nuclear staining following exposure of LNCaP cells to neutral
sphingomyelinase, ceramide or IL-15. However, clear changes in LNCaP cell cycle distribution
were detectable following these treatments. In contrast, treatment with acidic sphingomyelinase or
TNF-o induced apoptotic death detectable by flow cytometric analysis and bisbenzimide staining.
6 In conclusion, our data demonstrate that preferential activation of distinct enzymatic pathways
by cytokines may lead to different outcomes in the viability of LNCaP cells.
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Introduction

In the last several years ceramide has emerged as a potential
intracellular mediator of various agents that are able to control
cell growth, differentiation and survival (Hannun, 1994
Pushkareva et al., 1995). Binding of these factors to their own
receptors causes activation of sphingomyelinases that cleave
membrane sphingomyelin to generate ceramide which, in turn,
affects cell function by modulating a series of intracellular
events. In different cellular systems, various factors increase
sphingomyelin hydrolysis including several cytokines such as
tumour necrosis factor-o (TNF-o; Kim ez al., 1991; Kolesnick
& Golde, 1994), interferon-y (IFN-y; Kim et al., 1991),
interleukin-1p (IL-1f; Kolesnick & Golde, 1994), nerve growth
factor (NGF; through its low affinity p75™°"®) (Dobrowsky et
al., 1994), 1,25-dihydroxy-vitamin D (1,25 (OH,)-D;; Okazaki
et al., 1989, 1990), the fas antigen as well as chemotherapeutic
agents among others (Hannun, 1994).

Ceramide has been demonstrated to have multiple
functional targets, but its main activities include induction
of cell differentiation (Okazaki et al., 1990), cell cycle arrest
(Jayadev er al., 1995) and apoptosis (Obeid et al., 1993,
Jarvis et al., 1994). Because of this, it appears important to
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delineate the exact role of this potential intracellular growth-
suppression regulator under particular conditions such as
during the abnormal cell growth that takes place in tumour
proliferation. The therapeutic efficacy of cytokines has been
demonstrated in several types of human cancer including
experimental models of human prostate carcinoma (Sher-
wood et al., 1990; van Moorselaar et al., 1991). Cytokine
treatment has also been shown to modify several prostate
carcinoma properties including metastatic potential (Frue-
hauf et al., 1990). In addition, various cytokines have been
reported to exert cytotoxic and anti-proliferative effects in
prostate adenocarcinoma cell lines (Fruehauf er al., 1990;
Nakajima et al., 1995; Sokoloff et al., 1996; Ritchie et al.,
1997) suggesting a direct control of prostate carcinoma cell
growth by cytokines. In particular, TNF-o, IFN-y and
interleukin-6 have been reported to induce inhibition of cell
growth in both androgen-dependent and androgen-indepen-
dent adenocarcinoma cell lines (Fruehauf er al., 1990;
Nakajima et al., 1995; Ritchie et al., 1997) whereas IL-1f
exerts a much greater inhibitory effect on the androgen-
dependent LNCaP cells (Ritchie et al., 1997).

The exact mechanism(s) that mediate these actions of
cytokines on prostate cells have not yet been clearly elucidated.
However, the reported link between cytokines and sphingo-
myelin hydrolysis in other cellular systems (Kim ez al., 1991;
Kolesnick & Golde, 1994) suggests that this intracellular
pathway may be involved in the control of tumour prostatic
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cell growth. To investigate this possibility, we have activated
this intracellular transducing pathway directly, by exogenous
addition of the enzyme sphingomyelinase or ceramide
analogues to the human prostate adenocarcinoma LNCaP cell
line (Horoszewicz et al., 1983). In parallel, the effect of IL-1f
and TNF-2 on LNCaP cell growth and viability and the
involvement of sphingomyelin hydrolysis in these actions were
evaluated.

Methods
LNCaP cell culture

The androgen-sensitive human prostatic adenocarcinoma
LNCaP cells (Type Culture Collection, Rockville, MD,
U.S.A.) were maintained in RPMI-1640 medium supplemen-
ted with FCS 10% (v v~'), penicillin (100 U ml~') and
streptomycin (100 ug ml~") (all from GIBCO, Grand Island,
NY, US.A).

Cell proliferation studies

Evaluation of LNCaP cell growth was carried out by cell
counting and [*H]-thymidine incorporation studies. In the first
case, cells were plated into 24-well multiwell plates (Falcon,
Lincoln Park, NJ, U.S.A.), exposed to various treatments for
different lengths of time (24-72 h), then detached with a
0.01% v v~! trypsin solution (GIBCO) and counted with the
aid of a haemocytometer. For MTT assay, LNCaP cells, after
various treatments, were incubated with the dye solution
(MTT, 0.9 mg ml~' final concentration, Sigma, St Louis,
MO, U.S.A.) for 2 h at 37°C. The solubilization solution
containing 20% w v~' SDS was then added for an additional
1 h and formazan production was evaluated in a plate reader
(absorbance = 560 nm). The incorporation of [*H]-thymidine
into LNCaP cells was assessed by incubating cells with [*H]-
methylthymidine (2 uCi ml~!, New England Nuclear, Milan,
Italy; sp. act. 20 Ci mmol~') during the last 6 h of exposure
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Figure 1 Inhibitory effect of neutral sphingomyelinase (N SMase;

200 mU ml~"') and C8-ceramide (C8-cer; 25 um) on the proliferation
of LNCaP cells. Cells were treated for different lengths of time as
indicated. Data are mean+s.e.mean from three independent studies.
*P<0.05 vs untreated controls by Student’s #-test.

to various treatment. Cells were then precipitated with 1 M
HCIO, and the incorporated radioactivity was assessed by
scintillation counting.

Evaluation of apoptotic death

Biochemical and morphological approaches were used to
detect apoptosis in LNCaP cells exposed to sphingomyelinase
or ceramides. Quantitative analysis of DNA fragmentation
was performed using a kit for cell death detection enzyme-
linked immunosorbent assay (Boehringer Mannheim, Ger-
many) based on the photometric sandwich immunoassay of
cytoplasmic histone-associated DNA fragments. Briefly, cells
were lysed and the cytosolic fraction was separated by
centrifugation at 20,000 x g for 10 min. The procedure used
to detect histone-associated oligonucleosomes present in the
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Figure 2 Concentration-response curves for C8- and C2-ceramides
and neutral sphingomyelinase on LNCaP cell proliferation. Cells
were exposed to each agent for 48 h, detached with a trypsin solution
and counted with a hemocytometer. Data are mean +s.e.mean from
one experiment run in triplicate representative of 3—4 independent
studies. When not visible, the error bar is within the symbol.
*P<0.05 by one way ANOVA followed by Newman-Keuls for
significance.
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cytosolic fraction was provided with the kit. Briefly, the
microtiter plate module was coated with anti-histone antibody
prior to addition of the cytoplasmic fraction prepared as
above. A peroxidase-linked antibody recognizing DNA was
then added and the enzymatic activity was determined
photometrically (405 nm) following addition of a specific
substrate.

A prediploid DNA component, indicative of apoptotic
DNA fragmentation, was detected by cytofluorimetric analysis
after staining cells with the nuclear dye propidium iodide
(Krishan, 1975). Briefly, following specific treatments, cells
were detached from the dish with the aid of a cell scraper and
maintained in 70% v v~! ethanol at —20°C overnight, thus
allowing fixation and permeabilization. Cells were then
repeatedly washed and incubated with RNAse (100 ug ml~';
Sigma) for 1 h at 37°C to eliminate all RNA present. A final
incubation with propidium iodide (50 ug ml~'; Sigma) for
30 min was performed prior to analysis using a Coulter Elite
flow cytometer. Cell debris was gated out based on light scatter
evaluation and analysis was restricted to cells with either
diploid and hypodiploid DNA content.
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Figure 3 Reversibility of the inhibitory effect of neutral sphingo-
myelinase (upper panel) and C8-ceramide (lower panel) on LNCaP
cell proliferation. Cells were treated at day 0 and day 2 with vehicle,
neutral sphingomyelinase (N SMase, 200 mU ml~') and C8-ceramide
(C8-cer, 10 um) or with N SMase or C8-cer at day 0 and vehicle at
day 2. Data (mean+s.e.mean) are from one experiment representa-
tive of 3—4.

Microscopic analysis of DNA fragmentation was carried
out by labelling cells with the nuclear dye bisbenzimide (Sigma)
as described (Copani et al., 1995). LNCaP cells were fixed with
methanol:acetic acid (3:1, by volume) for 30 min at room
temperature (RT) then washed three times in phosphate buffer
solution and incubated with 0.4 ug ml~' bisbenzimide for
30 min at 37°C. After washing in water, cells were viewed for
nuclear chromatin morphology in a Leitz fluorescence
microscope with a 40 x oil-immersion objective.

Cell cycle analysis

The same procedure described for cytofluorometric detemi-
nation of apoptosis was used. Following exposure to
various treatments, LNCaP cells were detached from the
dishes, fixed with ice cold 70% v v~! ethanol and stored
overnight at —20°C. Cells were repeatedly washed and
incubated with RNAse and propidium iodide as described
above. DNA content and ploidy was assessed and the
Multicycle AV software program (Phoenix Flow Systems,
San Diego, CA, U.S.A.) was used to analyse cell cycle
distribution profiles.

Evaluation of sphingomyelin hydrolysis

LNCaP cells were incubated in the presence of [*H]-serine
(Amersham Life Science, Milan, Italy; sp. act. 26 Ci mmol ™)
for 72 h prior to exposure to IL-1 or TNF-«. Reaction was
stopped by addition of methanol:chloroform:HCI (100:100: 1,
v v~') and a balanced salt solution containing 10 mM EDTA
and the aqueous and lipid phases were separated by
centrifugation. Glycerophospholipids present in the lipid phase
were saponified in methanolic KOH (0.1 M for 1 h at 37°C)
prior to resolution of sphingomyelin by sequential one-
dimensional TLC as described (Kolesnick, 1987), using
chloroform:benzene:ethanol (80:40:75, v v~!) followed by
chloroform:methanol:28% ammonia (65:25:5, v v~') as
solvents. Plates were analysed using a digital autoradiographer
(EG&G Berthold). Ceramide was measured using a diacylgly-
cerol kinase assay (Preiss et al., 1986) with a commercially
available kit (Amersham Life Science). Phosphorylated lipids
were extracted and run on TLC using chloroform : methanol:
:acetic acid (65:15:5, by volume) as solvents. The ceramide
phosphate spots were quantitated by the means of an
InstantImager from Packard.

Table 1 A 48 h treatment with neutral sphingomyelinase,
C2- and C8-ceramide, but not with the inactive analogue C2-
dihydroceramide, reduces the incorporation of [*H]-thymi-
dine in LNCaP cells

[PH ]-thymidine incorporation

Treatment (d.p.m./well)
Vehicle 6037+452
N SMase 3778 +574*
C8-ceramide 3749 +276*
C2-ceramide 4043+ 162*
C2-dihydroceramide 6058 +355

LNCaP cells were treated with sphingomyelinase
(200 mU ml~") or ceramides (25 um) for 48 h prior to
exposure to [‘H]-methylthymidine during the last 6 h of
incubation. Data are mean+s.e.mean of three independent
studies each run in triplicate. *P<0.05 versus vehicle-treated
cells.
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Drugs

Sphingomyelinases (EC 3.1.4.12) from Staphylococcus aureus
(pH 7.4) and from human placenta (pH 4.5), both from
Sigma, were provided in a solution containing 50% glycerol.
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D-erythro-sphingosine, N-octanoyl (C8-ceramide), D-erythro-
sphingosine, N-acetyl (C2-ceramide) and D-erythro-sphingo-
sine, dihydro-, N-acetyl (C2-dihydroceramide) (all from
Calbiochem, La Jolla, CA, U.S.A.) were dissolved in DMSO
at an initial concentration of 10 mM and stored at —80°C.
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Figure 4 Effect of IL-1p and TNF-u on sphingomyelin hydrolysis in LNCaP cells. Cells preincubated for 72 h with [*H]-serine were
exposed to the IL-15 (1 ng ml_l) or TNF-o (20 ng ml_l) for 30 min prior to extraction of lipids and separation of sphingomyelin
by sequential monodimensional TLC. Alternatively, lipids were extracted and used in a diacylglycerol kinase assay prior to
separation of ceramide-1-phosphate by TLC. Values of control samples were 1266492 d.p.m. 10° cells ™' for sphingomyelin and
331+ 24 pmol 10° cells ! for ceramide-1-phosphate. Values are mean+s.e.mean of three independent experiments. *P <0.05 versus

untreated control by Student’s z-test.

350
300 —
250
200 H ® *

150

cells/well (x 10—3)

100

50

O—{ |llllll1'l] T TR
0 0.03 0.1 0.3 1

i
HOH
|
~
((_‘—OL X) |em/wdp

I
N

uolyptodioou] augpgw&q;[Hg]

| Lo
T T IIIIIII T T l|I’||I
0 0.03 0.1 0.3 1

[iL—18, ng/mli]

Figure 5 Concentration-response curve of the inhibitory effect of IL-15 on LNCaP cell growth. Cells were exposed for 48 h to
increasing concentrations of the cytokine and counted with a haemocytometer (A) or incubated with [°H]-thymidine during the last
6 h of treatment (B). Data are mean+s.e.mean of 3—5 independent studies and were analysed by one-way ANOVA followed by

Newman-Keuls #-test (¥ P <0.05).
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Subsequent dilutions were made in aqueous solutions. In
preliminary experiments DMSO (at dilutions comparable to
those present in ceramide solutions) was tested for its ability
to modify LNCaP cell growth. Given that DMSO per se was
not effective, a double control (+ DMSO) was however used
in all experiments in which ceramides were employed. Human
recombinant IL-1§ was from Calbiochem, whereas hTNF-o
was purchased from PeproTech Inc. (Rocky Hill, NIJ,
U.S.A).

Statistical analysis

Data are expressed as mean +s.e.mean. Statistical analysis was
performed by Student’s z-test or, where appropriate, by one-
way analysis of variance (ANOVA) followed by Newman-
Keuls test for significance. Differences were considered to be
statistically significant when P <0.05.

Results

In LNCaP cells, stimulation of the sphingomyelin pathway by
addition of bacterial neutral sphingomyelinase or, alterna-
tively, treatment with cell-permeable ceramides, C8- or C2-
ceramide, a condition which mimics the activation of the
endogenous sphingomyelin cascade, produced a profound
inhibition of cell proliferation (Figures 1 and 2). This effect was
present after a short-term exposure to the two agents and
maximal after a 48— 72 h-treatment period when a 50-60%
reduction of cell number was observed (Figure 1). The
specificity of the effect was confirmed by the inability of C2-
dihydroceramide, an inactive analogue of C2-ceramide
(Bielawska et al., 1993), to produce any modification of
LNCaP cell proliferation (Figure 1). C2- and C8-ceramide
caused a concentration-dependent inhibition of LNCaP cell
proliferation (Figure 2). Maximal effect was observed at a
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concentration of 25 uM ceramides, but C8-ceramide exhibited
a greater potency, causing a significant inhibitory effect at a
concentration of 1 uM (IC3,=1.3 vs 6.9 uM for C2-ceramide;
Figure 2, upper panel). A concentration-dependent reduction
of viable LNCaP cells following a 24 h-exposure to either C8-
or C2-ceramide was also measurable with the MTT prolifera-
tion assay (64.8+4 and 62.0+3% of control values for C8-
and C2-ceramide at 25 uM, respectively). Higher concentra-
tions of C8- and C2-ceramide (50—100 uM) produced a
dramatic reduction of LNCaP cell number; however, clear
signs of cell injury were evident under these conditions (not
shown).

Treatment with neutral sphingomyelinase produced a dose-
dependent inhibition of LNCaP cell number with an IC;, of
10.1 mU ml~! (Figure 2, lower panel). This effect was present
at 10 mU ml~' and maximal at 200 mU ml~' (Figure 2, lower
panel). In addition, the effect was rapidly reversible, as shown
by the ability of LNCaP cells pre-exposed to neutral
sphingomyelinase (200 mU ml~" for 48 h) or C8-ceramide
(10 um) (Figure 3) to restart proliferating after a 48 h wash-out
period.

Table 2 LNCaP cells exposed for 24 h to C8-ceramide
(10 pum), IL-18 (1 ng ml~") but not TNF-z (20 mg ml~")
modified their cell cycle distribution profiles

Cell cycle distribution (%)

Treatment Gy/G; S Go/M
Control 75.4 17.8 6.9
C8-ceramide 88.9 8.7 2.4
IL-18 88.9 9.0 2.1
TNF-a 79.7 13.5 6.8

LNCaP cells were treated as indicated and fixed in ice-cold
70% (v v~ ) ethanol prior to staining with propidium iodide
(50 ug ml~") for cytofluorimetric analysis.
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Figure 6 Effect of a 48 h treatment with neutral sphingomyelinase (N SMase, 200 mU ml~!) C8-ceramide (25 um), IL-18
(1 ng ml~") and TNF-2 (20 ng ml~") on the induction of apoptotic death in LNCaP cells. (A) shows oligonucleosome formation, as
detected by a cell death detection ELISA, in cells exposed to neutral sphingomyelinase, C8-ceramide, IL-1§ and TNF-«. The
appearance of a cell population with hypodiploid DNA in LNCaP cells treated with TNF-o, but not in cells exposed to neutral
sphingomyelinase and IL-1f is shown in (B). In (A) data are from one experiment representative of three. *P<0.05 versus control

(Student’s ¢-test). In (B) representative data are shown.
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Figure 7 TNF-«, but not neutral sphingomyelinase or IL-1f, induces chromatin condensation in LNCaP cells. Cells were incubated
with each agent for 48 h, fixed in methanol/acetic acid, stained with bisbenzimide and visualized by fluorescence microscopy.
A =control; B=neutral sphingomyelinase (200 mU ml~'); C=IL-1§ (1 ng mI~'); D=TNF-« (20 ng ml~"). Arrowheads indicate

condensed nuclei.

The inhibitory effect of neutral sphingomyelinase and
ceramide analogues (with no effect of dihydroceramide) on
LNCaP cell number was accompanied by a marked reduction
of the proliferation rate as evidenced by [*H]-thymidine
incorporation studies (Table 1).

To determine exogenous stimulation of sphingomyelin
hydrolysis by ligand-induced receptor activation, LNCaP
cells were exposed to IL-1f, a well known activator of the
sphingomyelin pathway in other cellular systems (Kolesnick
& Golde, 1994; Mathias et al., 1993; Santana et al., 1996). A
30 min treatment with 1 ng ml~' IL1- produced a marked
reduction of sphingomyelin levels paralleled by enhanced
formation of ceramide (Figure 4). Similarly, addition of
TNF-o to LNCaP cells reduced sphingomyelin concentra-
tions with a concomitant increase in ceramide production
(Figure 4). As expected, the intracellular mechanisms
activated by IL-1 in LNCaP cells triggered a functional
response. As already reported (Ritchie ez al., 1997), a long-
term exposure (48 h) of LNCaP cells to increasing
concentrations of IL1-f produced a remarkable, concentra-
tion-dependent, reduction of cell proliferation as measured
by cell number (Figure 5A) and [°H]-thymidine incorpora-
tion (Figure 5B). As previously shown (Fruehauf et al.,
1990; Nakajima et al., 1995; Ritchie et al., 1997), a
comparable inhibition of LNCaP cell proliferation was also
present following exposure for 48 h to TNF-o (476 +38 and
248 +31 x 10° cells well~! for control and 20 ng ml~' TNF-
o, respectively).

To investigate more precisely the effect of ceramide
analogues and ceramide-generating agents on LNCaP cell
proliferation, cell cycle profiles were analysed by flow
cytometry in LNCaP cells exposed for 24 h to C8-ceramide,

IL-1p or TNF-a. As shown in Table 2, incubation of cells with
10 um C8-ceramide produced a significant decrease in the
number of cells entering the S phase of the cycle with a
resulting 50—60% reduction in the overall percentage of cells
in the S-G,/M phases. In contrast, cells exposed to 20 ng ml~!
TNF-a did not exhibit any significant change of cell cycle
distribution, despite the appearance of a net hypodiploid
population representing about 40% of the total cellular
population (Figure 6B).

Short- (3, 6 h), intermediate- (12, 24 h) or long-term (48,
72 h) treatment of LNCaP cells with either neutral sphingo-
myelinase or C8-ceramide (up to 25 uM) was not able to induce
apoptotic cell death. As shown in Figure 6 which illustrates
representative data from LNCaP cells exposed to neutral
sphingomyelinase (200 mU ml~"), C8-ceramide (25 um) or IL-
1B (1 ng ml~") for 48 h, no characteristic features of apoptosis
were evident. Figure 6A shows the lack of enhanced
oligonucleosome formation, indicative of nuclear fragmenta-
tion in a cellular population undergoing apoptotic death.
Accordingly, as shown in Figure 6B, the characteristic
appearance of a hypodiploid cell population was missing in
cells treated for 48 h with neutral sphingomyelinase
(200 mU ml=") or IL-18 (1 ngml~'"). No induction of
apoptotic death was present in cells exposed to the three
agents for shorter time points (6—24 h; not shown). In
contrast, an increased oligonucleosome formation (Figure
6A) and the appearance of a hypodiploid population (Figure
6B) was evident in LNCaP cells exposed for 48 h to TNF-«
(20 ng ml~"). In addition, morphological evaluation of
LNCaP cells after staining with the nuclear dye bisbenzimide
clearly demonstrated the lack of picnotic and/or fragmented
nuclei in neutral sphingomyelinase— (Figure 7B) and IL-1§-
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Figure 8 A 48-h treatment with acidic sphingomyelinase (Ac SMase) reduces, in a concentration-dependent manner, LNCaP cell
number (A) and induces apoptotic death as shown by nuclear condensation and fragmentation (B, lower photograph) and DNA
ploidy profiles at flow cytometric analysis (C). In (B) arrowheads indicate condensed nuclei. In (A) *P<0.05 by one-way ANOVA

and Newman-Keuls 7-test for significance.

treated cultures (Figure 7C) but a characteristic apoptotic
picture in TNF-a-treated cells (Figure 7D).

In an attempt to correlate TNF-o action on LNCaP
cells to specific intracellular targets for this cytokine, we
have analysed the effect of acidic sphingomyelinase on
LNCaP cell proliferation and death, based on the reported
ability of TNF-a to stimulate the activity of this enzyme
(Testi, 1996). As shown in Figure 8A, treatment for 48 h
with acidic sphingomyelinase concentration-dependently
inhibited the number of LNCaP cells. Maximal effect was
observed at concentrations of 100—200 mU ml~' (Figure
8A) whereas higher concentrations (5001000 mU ml~")

exhibited pronounced cytotoxicity (not shown). The
reduction of LNCaP cell number following exposure to
acidic sphingomyelinase was accompanied by induction of
apoptotic death as shown by appearance of chromatin
condensation and fragmentation (Figure 8B) and cytofluori-
metric analysis (Figure 8C).

Discussion

Understanding the mechanisms involved in the control of
tumour growth is a major goal of basic research in oncology.
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Prostate adenocarcinoma represents one of the most common
malignancies in adult males and LNCaP cells (Horoszewicz et
al., 1983) provide a useful in vitro model to study the
intracellular mechanisms involved in the control of prostate
cancer growth.

Cytokines such as TNF-«, IL-1f and IFN-y exert cytostatic
effects in prostate carcinoma cell lines (Sherwood ez al., 1990;
Fruehauf et al., 1990; Nakajima et al., 1995; Ritchie et al.,
1997), modify several typical markers of prostate carcinoma
cells (Fruehauf et al., 1990) and are efficacious in the treatment
of prostate cancer xenografts transplanted in nude mice
(Sherwood et al., 1990; van Moorselaar et al., 1991). The
exact mechanism by which cytokines induce molecular changes
in prostate target cells is still under investigation. Several
cytokines including TNF-¢, IFN-y and IL-1f are known to
activate sphingomyelin hydrolysis generating ceramide, which
by its ability to cause cell differentiation, cell-cycle arrest and
apoptosis (reviewed in Pushkareva et al., 1995), is recognized
as one of the intracellular second messengers that regulate
growth suppression.

Addition of cell-permeable analogues of ceramide or
sphingomyelinase induced a reduction in LNCaP cell
proliferation. A similar inhibitory effect on cell growth has
been reported in Molt-4 human leukaemia cells and Wi38
human fibroblasts where treatment with a synthetic ceramide
induced almost complete G,/G; cell cycle arrest (Jayadev et
al., 1995). C8-ceramide exhibited a greater potency than C2-
ceramide, a phenomenon that may be ascribed to the
different physicochemical and pharmacokinetic properties of
the two molecules. The specificity of the effect of ceramide
was demonstrated by the observation that the immediate
precursor of ceramide, dihydroceramide, which lacks the
trans double bond at C4-C5 of the sphingoid base backbone
and is thus devoid of biological actions (Bielawska et al.,
1993), did not produce any significant effect on the number
of LNCaP cells. The anti-mitogenic activity exerted by
neutral sphingomyelinase and ceramide was also proved by
the rapid recovery of cell proliferation upon removal of the
two agents.

IL-18, which significantly activated sphingomyelin hydro-
lysis in LNCaP cells, greatly reduced the cell proliferation
of this cell line without causing apoptotic death. Activation
of sphingomyelin hydrolysis does not necessarily initiate an
apoptotic response; agents known to activate the sphingo-
myelin cascade such as IFN-y and TNF-a have also been
reported to reduce the proliferation of oligodendrocyte
precursors without modifying cell survival (Agresti et al.,
1996). Moreover, ceramide also exhibits anti-apoptotic,
protective activity in primary cultures of sympathetic (Ito
& Horigome, 1995) and hippocampal (Goodman &
Mattson, 1996) neurons and exerts mitogenic effect in
quiescent, Swiss 3T3 fibroblasts (Olivera et al., 1992),
suggesting that its role in cellular function does not
inevitably involve a death program. In LNCaP cells, the
inhibitory effect of IL-1f on cell proliferation (Kemick et
al., 1996; Ritchie et al., 1997), together with its ability to
reduce cell chemotaxis (Ritchie ez al., 1997), has been
related to the ability of IL-1§ to affect the Insulin-like
growth factor (IGF)-IGF binding protein-3 system and to
counteract the mitogenic effect of IGF (Kemick er al., 1996;
Ritchie et al., 1997). Our present data, however, strongly
support a direct action of IL-1§ on the control of LNCaP
cell proliferation through activation of the sphingomyelin
cascade. 1,25 (OH,)-D;, which triggers sphingomyelin
hydrolysis in different cellular systems (Okazaki et al.,
1989, 1990), exerts potent antiproliferative and differentiat-

ing activity in LNCaP cells grown in the presence of serum
(Skowronski et al., 1993), determining cell cycle arrest in G,
(Blutt et al., 1997).

Recently, Hermann et al. (1997) have reported that in
LNCaP cells, C2-ceramide treatment induces apoptosis, as
detected by measurement of cells undergoing plasma
membrane rupture. Besides the different methodological
approach used in that study, low micromolar concentra-
tions of C2-ceramide were able to induce apoptosis in
LNCaP cells cultured in the presence of low serum (0.5%
FCS), a condition that we have intentionally avoided to
eliminate possible activation of endogenous ceramide
production by serum deprivation (Jayadev et al., 1995). In
addition, in our hands, high concentrations of either C2- or
C8-ceramide (above 30 uM) produced marked cytotoxicity
with clear signs of cell disruption. Such a destructive
phenomenon, at similar ceramide concentrations, has been
described previously in other cellular systems (Hebestreit et
al., 1998).

In LNCaP cells TNF-o was able to induce apoptotic
death and to cause increased accumulation of ceramide.
Various studies have identified several components of the
pathway involved in this TNF-o effect (reviewed in Testi,
1996; Wertz & Hanley, 1996). In most cell types, apoptosis
by TNF-o appears to be mediated by the 55 kDa receptor
(TNFR1) belonging to the NGF/TNF ‘death’ receptor types
(Smith ez al., 1994). Intracellular signalling from TNFRI1 has
recently been more clearly defined and dual activation of
sphingomyelin hydrolysis with involvement of two distinct
enzymes operating under different topological and regulatory
conditions have been described (Wiegmann et al., 1994).
Thus, an acidic sphingomyelinase localized in endosomes
and caveolae is activated upon interaction of TNF-o with
TNFRI1 and is mainly responsible for the death program
initiated by TNF-« in several cellular systems (Testi, 1996).
Accordingly, LNCaP treatment with acidic sphingomyelinase
produced a profound reduction in cell number paralleled by
clear signs of apoptotic death. Activation of a neutral
sphingomyelinase by TNF-o may participate in the induction
of cell death but seems primarily involved in the regulation
of cell proliferation and survival (see Testi, 1996 for a
review). Thus, differential responses to TNF-x may take
place in various cell types depending on preferential
activation of intracellular signals.

IL-1p which affects solely LNCaP cell proliferation, but
does not induce cell death, is likely to involve primarily neutral
sphingomyelinase in its action. Indeed, in some cellular
systems, IL-1f has been reported to cause activation of acidic
sphingomyelinase, but the involvement of this pathway in the
responses elicited by IL-1f appears controversial (Cobb et al.,
1996; Masamune et al., 1996). In LNCaP cells, IL-1 may act
on both neutral and acidic sphingomyelinase, but the resulting
generation of ceramide in selected intracellular compartments
is not sufficient to induce a death response. In this respect it
appears important to note that IL-18 and IFN-y, both agents
that act on sphingomyelin hydrolysis, are able to initiate an
apoptotic response when co-applied to LNCaP cells, while
being unable to induce cell death when given alone
(unpublished observation).

In conclusion, the present results provide evidence to
support the involvement of the sphingomyelin cascade in the
control of proliferation and viability of prostate adenocarci-
noma LNCaP cells. In particular, induction of a neutral
sphingomyelinase seems to be not sufficient to accomplish a
death program while being adequate to generate a cascade of
events allowing cells to modify their proliferation pattern.
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